Our objective was to establish the safety of 3% hypertonic saline (HTS) resuscitation for trauma and acute care surgery patients undergoing emergent laparotomy and temporary abdominal closure (TAC) with the hypothesis that HTS administration would be associated with hyperosmolar hypercholoremic acidosis, lower resuscitation volumes, and higher fascial closure rates, without adversely affecting renal function.
F
or patients undergoing emergent laparotomy, damage control surgery and temporary abdominal closure (TAC) may be used for patients with severely deranged physiology. Rather than performing all indicated procedures and then closing the abdominal fascia, TAC allows the surgeon to quickly address lifethreatening conditions, place a temporary dressing over the open abdomen, and transfer the patient to an intensive care unit (ICU) for continued resuscitation, rewarming, and physiologic optimization. This approach gained prominence in 1983 when Stone and colleagues 1 described abbreviated laparotomy for 31 patients with coagulopathy and exsanguinating hemorrhage. Since that time, damage control surgery and TAC have become important strategies for managing trauma patients with the bloody vicious cycle of hypothermia, acidosis, and coagulopathy, patients with intra-abdominal sepsis for whom TAC allows diagnosis and treatment of residual sources of infection at relaparotomy as well as deferral of anastomosis until physiologic optimization, and patients with vascular emergencies and refractory abdominal compartment syndrome. [2] [3] [4] [5] [6] [7] [8] Although TAC offers potential advantages for select patients who are not suitable candidates for immediate fascial closure after emergent laparotomy, the open abdomen is also associated with increased risk for intestinal fistula formation and prolonged requirements for ICU resources and mechanical ventilation, especially when early primary fascial closure cannot be achieved. [9] [10] [11] Therefore, better strategies are needed to promote early fascial closure among TAC patients.
An initial assessment of patients who underwent emergent laparotomy and TAC for trauma or sepsis at our institution found that primary fascial closure was achieved in only 71% of all patients. 12 Harvin and colleagues 13 reported 100% fascial closure (n = 23/23) within 1 week of TAC for severely injured trauma patients who received 3% hypertonic saline (HTS) at 30 mL/h (discontinued at fascial closure or postoperative day 3, whichever came first) after initial laparotomy, compared to 76% fascial closure within 1 week for a control group of 54 patients who received standard resuscitation. Patients in the HTS group had lower crystalloid resuscitation volumes but did not have significant differences in serum creatinine, urine output, or acute kidney injury compared with the standard resuscitation group. The observed lack of adverse effects on renal function was critically important. Hypertonic saline may have beneficial effects attributable to decreasing resuscitation volumes, creating an osmotic gradient to move f luid from the interstitial to the intravascular space, decreasing bowel edema, and modulating the inf lammatory in the context of intestinal ischemia, [14] [15] [16] [17] [18] but may also increase risk for hyperchloremic acidosis and kidney injury among postoperative and critically ill patients. [19] [20] [21] [22] Therefore, resuscitating TAC patients with HTS is a promising strategy, but requires further study to characterize the risks and benefits. After the pioneering work of Dr. Harvin and colleagues was published, 13 we began to administer 3% HTS at 30 mL/h after TAC for trauma and emergency general surgery patients with normal baseline renal function at the discretion of the operating surgeon. The purpose of this study was to establish the safety of 3% HTS resuscitation for trauma and acute care surgery patients undergoing emergent laparotomy and TAC by characterizing resuscitation parameters, serum osmolarity, hypercholoremic acidosis, renal function, and outcomes for the first 36 TAC patients who underwent HTS resuscitation at our institution compared with 153 TAC patients who received standard resuscitation during the same period. We hypothesized that HTS administration would be associated with hypernatremia, hyperosmolarity, hypercholoremic acidosis, decreased resuscitation volumes, and higher fascial closure rates compared to standard resuscitation, without adversely affecting renal function.
METHODS

Study Design
We performed a retrospective cohort analysis of 189 consecutive adult trauma and emergency general surgery patients who underwent emergent laparotomy and TAC at our institution during a 30-month period ending April 2017. The University of Florida Institutional Review Board approved this study. Derivation of the study population is illustrated in the supplementary figure (see Figure, Supplemental Digital Content 1, http:// links.lww.com/TA/B46). Our institutional data registry was searched for adult (age ≥18 years) patients with survival for 48 hours or longer and Current Procedural Terminology codes for relaparotomy or laparotomy with Current Procedural Terminology modifiers for planned or unplanned reoperation. Deaths before 48 hours were excluded because these patients may not have had an opportunity for relapaortomy and fascial closure, and 48 hours was the first of several time points at which outcomes were assessed. Other exclusion criteria were initial laparotomy at an outside facility, preexisting intestinal fistula, and conditions for which resuscitation strategies should be tailored to individual patient physiology: complicated pancreatitis (n = 25), cirrhosis (n = 11), or end-stage renal disease (n = 9). Patients with traumatic brain injury were eligible for inclusion. There were no patients in the study population who received 23% HTS. Both trauma and emergency general patients were included in the analysis because both were eligible for hypertonic saline resuscitation during the study period, and we sought to determine whether this strategy would be generalizable to both populations. Patients who received 3% hypertonic saline at 30 mL/hour after TAC were allocated to the HTS group (n = 36); all other patients were allocated to the standard resuscitation without HTS group (n = 153). At our institution during the study period, accepted indications for exploratory laparotomy and TAC in trauma patients included hypothermia with temperature less than 35°C, acidosis with arterial pH less than 7.20, coagulopathy, massive visceral edema, administration of at least 10 units of packed red blood cells, administration of at least 15 L of crystalloid fluid, inability to close the fascia, impending abdominal compartment syndrome, or surgeon discretion for elective TAC to defer the creation of an anastomosis or to reassess bowel viability. Similar criteria were applied to patients with intra-abdominal sepsis, with the addition of septic shock requiring vasopressors.
Hypertonic Saline Administration
At the beginning of the study period, HTS was administered at the discretion of the operating surgeon to patients with normal baseline renal function. During the final 8 months of the 30-month study period, there was agreement that HTS would not be administered to patients with any of the following criteria: serum sodium, greater than 155 mEq/L; serum chloride, greater than 115 mEq/L; arterial pH, less than 7.10; chronic kidney disease stage, 3 or higher; 23 acute kidney injury stage, 2 or higher; 24 nephrectomy at initial laparotomy; or cirrhosis. Patients receiving HTS at 30 mL/h also received isotonic fluid boluses or diuresis as necessary to maintain euvolemia at the discretion of the surgical and critical care teams. Patients who underwent standard resuscitation with no HTS also received isotonic fluid boluses or diuresis as necessary to maintain euvolemia at the discretion of the surgical and critical care teams. Hypertonic saline was discontinued after primary fascial closure or postoperative day 3, whichever occurred first, consistent with methods from Harvin et al. 13 Direct peritoneal resuscitation was not used during the study period.
Operative Technique
After TAC with a negative pressure wound therapy (NPWT) dressing, planned relaparotomy was performed at 24-hour to 48-hour intervals until fascial closure was achieved or a planned ventral hernia was created. At each relaparotomy, continuous fascial traction and sequential closure were attempted by placing figure-of-eight sutures to approximate the fascia at the superior and inferior aspects of the fasciotomy until undue tension was exerted on the fascia or airway pressures were pathologically increased. If fecal diversion was required, a loop ostomy was created in a far lateral position, so that the ostomy would not violate fascia that would be used for midline fascial closure, and so that interval ostomy takedown could be performed without the need for a laparotomy.
Data Collection
Data regarding patient demographics, baseline characteristics, illness severity, resuscitation parameters, operative management, and outcomes were collected by query of our institutional research database and by retrospective review of the electronic medical record. Patients' characteristics included age, sex, American Society of Anesthesiologists (ASA) physical status classification, 25 Charlson Comorbidity Index, 26 body mass index, the reason for initial laparotomy, vital signs and laboratory values at the time of initial laparotomy, and Sequential Organ Failure Assessment (SOFA) scores. 27 The Charlson Comorbidity Index was used as a general indicator of comorbid disease burden that is commonly used in a variety of practice settings. Resuscitation parameters included total intravenous fluid (IVF) administration (including maintenance crystalloid fluids, bolus crystalloid fluids, piggyback fluids for medication administration, and parenteral nutrition), blood product administration, urine output, and NPWT output. Serum sodium, chloride, osmolarity, anion gap, creatinine, and arterial pH were measured on admission, at initial laparotomy, and after initial laparotomy at 48 hours, 96 hours, and 7 days. Peak values of sodium, chloride, and creatinine during admission were also assessed to establish context for interpreting acute changes after laparotomy and TAC. Outcomes included acute kidney injury per Kidney Disease: Improving Global Outcomes (KDIGO) definitions, 24 primary fascial closure, days to primary fascial closure, fascial dehiscence, intra-abdominal abscess formation, length of stay, days on mechanical ventilation, and discharge disposition.
Power Analysis
In a retrospective review of trauma patients who had TAC after damage control laparotomy, Harvin et al. 13 detected statistically significant differences in resuscitation volumes and primary fascial closure rates when comparing 23 patients who received 3% HTS to 54 patients who had standard resuscitation with isotonic fluids at 125 mL/h. Because our study was designed to assess similar outcomes in a more heterogenous patient population including patients with intra-abdominal sepsis and abdominal compartment syndrome, we selected a larger population including 36 patients who received 3% HTS and 153 patients who underwent standard resuscitation without HTS during the same period.
Statistical Analysis
Statistical analysis was performed with SPSS (version 24, IBM, Armonk, NY). To compare HTS and standard resuscitation groups, differences between continuous variables were assessed by the Kruskal-Wallis test and reported as median [interquartile range], and differences between discrete variables were assessed by Fisher's exact test and reported as n (%). Trends in serum sodium, chloride, osmolarity, anion gap, creatinine, and arterial pH we illustrated in GraphPad Prism (version 6.05; GraphPad Software, La Jolla, CA) as mean values with 95% confidence intervals (CI) and compared by one-way analysis of variance. The impact of resuscitation parameters on acute kidney injury and primary fascial closure was assessed in the entire study population by univariate logistic regression. Stage 2 or stage 3 acute kidney injury 24 within 7 days of TAC was used as an outcome in this analysis based on previous observations that stage 2 or stage 3 acute kidney injury is an independent predictor of increased mortality among TAC patients. 28 
RESULTS
Patient Characteristics
Patient characteristics are listed in Table 1 . The HTS group included more male patients (72% vs. 52%; p = 0.027) and trauma patients, though the difference in percentage of trauma 
Management and Resuscitation Parameters
Trends in serum sodium, chloride, osmolarity, anion gap, creatinine, and arterial pH are illustrated in Figure 1 . There were no significant differences between groups at the time of initial laparotomy for any of these parameters. Forty-eight hours after TAC, the HTS group had significantly higher sodium (145.8 mEq/L vs. 142.2 mEq/L; p < 0.001), chloride (111.8 mEq/L vs. 106.6 mEq/L; p < 0.001), and osmolarity (305.8 mOsm/kg vs. 299.4 mOsm/kg; p = 0.006), as well as significantly lower arterial pH (7.34 vs. 7.38; p = 0.011) compared to the standard resuscitation group. Anion gap was similar between groups at all time points. Standard resuscitation patients had higher serum creatinine at the time of initial laparotomy, though the difference was not statistically significant (1.39 vs. 1.18; p = 0.078), and followed a similar downward trend in both groups.
Management and resuscitation parameters are listed in Table 2 . The median number of abdominal operations performed in both groups was two, and 44% of all patients required more than two operations. The HTS group had significantly lower total IVF volumes within 48 hours of TAC (8.5 L vs. 11.8 L; p = 0.004) and had lower NPWT output, though the difference was not statistically significant (1.2 L vs. 1.5 L; p = 0.068). Urine output was similar between groups at all time points.
Outcomes
Outcomes are listed in Table 3 . Fascial closure rates were higher in the HTS group, though the difference was not statistically significant (92% vs. 77%; p = 0.063). Peak sodium, chloride, and creatinine levels during admission were similar between groups. Fascial dehiscence and intra-abdominal abscess occurred in 5% and 13% of all patients, respectively, with no significant differences between HTS and standard resuscitation groups. Hospital length of stay, ICU length of stay, and days on mechanical ventilation were also similar between groups. There were 33 inpatient mortalities in the entire population of 189 (17%) patients, and only 69 (37%) patients were discharged to their home. 
Acute Kidney Injury
Trends in stages of acute kidney injury over time are illustrated in Figure 2 . There were no significant differences between groups in the percentage of patients with acute kidney injury at any time point when classifying by stage 1 or lower, stage 2 or higher, or stage 3. The incidence of kidney injury peaked 48 hours after initial laparotomy in both groups, and then decreased gradually over time. In each group, 47% of all patients had stage 2 or stage 3 kidney injury within 7 days of TAC.
Associations Between Resuscitation Parameters, Kidney Injury, and Fascial Closure
To assess the impact of resuscitation parameters on acute kidney injury and primary fascial closure independent of group allocation, the entire study population was included in a regression analysis to assess associations between resuscitation parameters and two different outcomes: primary fascial closure, and stage 2 or stage 3 acute kidney injury within 7 days of TAC. Results of this analysis are listed in Table 4 .
Hypertonic saline administration was not associated with acute kidney injury (odds ratio [OR], 1.01; 95% CI, 0.49-2.08; p = 0.986), and was associated with greater odds of primary fascial closure, though the effect was not statistically significant (OR, 3.26; 95% CI, 0.94-11.28; p = 0.062). Total IVF volumes, sodium, chloride, and osmolarity were not associated with kidney injury at any time points. Higher NPWT output was associated with increased odds of kidney injury for the 48-hour to 96-hour range (OR, 1.23; 95% CI, 1.01-1.51; p = 0.040) and the 96-hour 7-day range (OR, 1.24; 95% CI, 1.02-1.50, p = 0.034).
Higher IVF resuscitation volumes were associated with decreased odds of fascial closure for the 0-hour 48-hour range (OR, 0.90; 95% CI, 0.83-0.97; p = 0.003) and the 48-hour to 96-hour range (OR, 0.88; 95% CI, 0.80-0.97; p = 0.007). During the resuscitation phase, sodium and osmolarity levels were not associated with fascial closure, but higher chloride levels 48 hours after TAC were associated with increased odds of fascial closure (OR, 1.11; 95% CI, 1.03-1.19; p = 0.006). Seven days after TAC, lower serum sodium and osmolarity were associated with primary fascial closure, likely representing an effect rather than cause, as the median time to fascial closure was 1.6 days.
DISCUSSION
In this study, HTS resuscitation for TAC patients was associated with the development of a hypernatremic, hyperchloremic, hyperosmolar acidosis, but did not significantly impact renal Figure 2 . Stages of acute kidney injury after emergent laparotomy and TAC, comparing patients who received 3% hypertonic saline (HTS, n = 36) resuscitation to patients who had standard resuscitation with no HTS (n = 153). Kidney injury was characterized by KDIGO definitions. There were no significant differences between groups in the percentage of patients with acute kidney injury at any time point when classifying by stage ≥1, stage ≥2, or stage 3. function. Hypertonic saline administration was associated with lower total IVF volumes and an increase in fascial closure rates that was not statistically significant, but may be clinically significant on a larger scale. Although HTS patients had higher peak sodium and chloride levels within 7 days of TAC, peak levels during the entire admission were similar between groups, suggesting that a short period of 3% HTS administration may not significantly impact overall risk for hyperchloremic acidosis and kidney injury among TAC patients with prolonged periods of critical illness and ventilator support. Importantly, because HTS was administered to patients with normal baseline renal function, these findings may not be generalizable to patients with baseline kidney disease. This is especially germane to septic TAC patients, who are at increased risk for kidney injury due to their underlying disease process. [28] [29] [30] However, in select TAC patients, the adverse effects were minimal, and there is potential for significant benefit. Although arterial pH was significantly lower 48 hours after TAC in the HTS group, the similar rates of acute kidney injury between groups suggests that HTS may be reasonable for patients with pH less than 7.15. However, we have insufficient evidence to support this hypothesis. Although this study was not designed to assess whether HTS decreased bowel edema or exerted the anti-inflammatory effects that have been previously reported, 15, 17, 18, 31 the observed higher serum osmolarity, lower resuscitation volumes, and trends toward lower NPWT output and higher fascial closure rates suggest that HTS resuscitation may be a useful strategy for TAC patients with normal baseline renal function.
Harvin et al. 13 reported similar findings, with a few important differences, some which may be attributable to differences in study design. The Harvin study included only trauma patients, measured resuscitation parameters for a 72-hour period after TAC, and used RIFLE criteria to describe kidney injury; our study population was composed primarily of patients with intra-abdominal sepsis, resuscitation parameters were measured for a 7-day period after TAC, and KDIGO criteria were used to describe kidney injury. In the Harvin study, 96% (n = 22/23) of all HTS patients were discharged with primary fascial closure intact, compared to 92% (n = 33/36) of all HTS patients in our study. Patients undergoing TAC for sepsis may have lower fascial closure rates than trauma patients, 12, 32, 33 which may partially explain our lower fascial closure rates compared to that of Harvin and colleagues. Although hypertonic resuscitation has been associated with significantly higher primary fascial closure rates among trauma patients as described by Harvin et al, the higher primary fascial closure rates among HTS patients in this study did not reach statistical significance. This may also be attributable to differences in study populations, particularly the large proportion of septic patients in our study population (62%), who may have greater ongoing fluid resuscitation requirements and visceral edema secondary to persistent inflammation. The observed lack of statistical significance in primary fascial closure rates between groups may represent a type II error, as this study may have been underpowered to detect a statistically significant difference in fascial closure rates for patients with intra-abdominal sepsis. The interval between initial laparotomy and fascial closure in HTS groups was similar (33 hours in the Harvin study, 36 hours in our study). IVF resuscitation volumes within 48 hours of TAC were similar for the standard resuscitation groups (median, 11.2 L in the Harvin study; 11.8 L in our study), but resuscitation volumes in the HTS group were higher in our study (8.5 L vs. 6.3 L). Observed differences in resuscitation volumes between HTS groups may be partly attributable to more frequent administration of isotonic fluid boluses in our study. In addition, although 3% HTS at 30 mL/h was intended to be administered in lieu of isotonic maintenance IVFs, the authors observed that providers would occasionally administer 3% HTS at 30 mL/hour in addition to isotonic maintenance IVFs at 100 mL/h to 150 mL/h, particularly when the protocol was first introduced, diluting the impact of low volume HTS resuscitation. Together, these factors may also explain why peak sodium levels during HTS administration were higher in the Harvin study (148 mEq/L vs. 146 mEq/L). In both studies, there were no significant differences in serum creatinine levels, urine output, or acute kidney injury between HTS and standard resuscitation groups. Therefore, our findings suggest that administration of HTS to trauma TAC patients, as described by Harvin and colleagues, may be generalized to non-trauma emergency general surgery TAC patients, with similar effects.
This study was limited by its retrospective design, small sample size, baseline differences between HTS and standard resuscitation groups, variability in selecting patients for HTS resuscitation, and relative paucity of previous studies for purposes of comparison and power analysis. Selection bias inherent to retrospective studies was limited by including all consecutive patients meeting inclusion and exclusion criteria. The only previously published study of HTS after TAC 13 included fewer patients and detected clinically meaningful differences in resuscitation parameters and outcomes, suggesting that our study was adequately powered to address our hypothesis. To account for baseline differences between HTS and standard resuscitation groups, a regression analysis was performed for the entire study population to identify associations that were independent of group assignment. A larger cohort of HTS patients would allow for a propensity-matched or risk-adjusted analysis, and this will be an important next step in characterizing the safety and efficacy of HTS for a heterogeneous population of TAC patients. Efforts to further mitigate the dilutional effects of isotonic fluids, including the use of early enteral feeds, are warranted. 34, 35 For trauma TAC patients, 3% HTS resuscitation is currently being investigated in a multicenter double blind randomized control trial (NCT02297659).
CONCLUSION
Hypertonic saline resuscitation for a heterogeneous population of TAC patients was associated with the development of a hypernatremic, hyperchloremic, hyperosmolar acidosis, but did not adversely affect renal function. HTS administration was also associated with lower total IVF volumes during the initial resuscitation period. Because HTS was administered to patients with normal baseline renal function, these findings may not be generalizable to patients with acute or chronic kidney disease and susceptibility to hyperchloremic acidosis-induced kidney injury. Future research should seek to validate these findings with a larger sample size, methodologic or statistical control for baseline differences in patient characteristics, and a robust comparison of risks and benefits of HTS resuscitation for TAC patients.
